Heavy neutrino-antineutrino oscillations can naturally appear in mechanisms of low scale neutrino mass generation, where pairs of heavy neutrinos have almost degenerate masses. We discuss the case where the heavy neutrinos are sufficiently long-lived to decay displaced from the primary vertex, such that the oscillations of the heavy neutrinos into antineutrinos can potentially be observed at the (high-luminosity) LHC and at currently planned future collider experiments. The observation of these oscillations would have far-reaching consequences: it would, for instance, prove the existence of lepton number violation and the Majorana nature of neutrino masses, and it would allow a deep insight into the nature of the neutrino mass generation mechanism.
Introduction: Sterile neutrinos, which are singlets under the gauge group of the Standard Model (SM), are an attractive extension of the SM to explain the observed masses of the light neutrinos. We consider scenarios where the masses of the heavy neutrinos are around the electroweak (EW) scale. Various models with such a low scale seesaw mechanism exist in the literature (see e.g. [1] [2] [3] [4] [5] [6] ).
The models may be classified by how the approximate "lepton number"-like symmetry, which ensures the smallness of the light neutrinos' masses, is broken: If the breaking happens in the sterile neutrino mass matrix, the models are called low scale "inverse seesaw" models [1, 2] , and when the breaking happens in the coupling matrix between the sterile neutrinos and the active SM neutrinos, i.e. in the Yukawa sector, then the models are called low scale "linear seesaw" models [3] . In both classes of models, due to the approximate "lepton number"-like symmetry, pairs of heavy neutrinos have almost degenerate masses, i.e. they form heavy pseudo-Dirac particles.
For collider studies it is often useful to focus on one of the pairs of heavy neutrinos and to consider the limit of intact "lepton number"-like symmetry, as e.g. in the "SPSS" (Symmetry Protected Seesaw Scenario) benchmark model (cf. [7] ). A recent study of the prospects for testing such low scale seesaw models at the LHC and at future colliders can be found e.g. in [8] .
The small mass splittings between the heavy neutrinos typical for low scale seesaw models lead to oscillations between the heavy neutrinos and their antiparticles. The time-integrated effect of these oscillations, i.e. when the oscillations cannot be resolved experimentally, has been highlighted recently in [9] . In this letter, we discuss the case where the heavy neutrinos are sufficiently long-lived to decay displaced from the primary vertex. We show that the oscillations of the heavy long-lived neutrinos can potentially be observed at the high luminosity (HL) phase of the LHC and at currently planned future collider experiments. The observation of these oscillations would have farreaching consequences, e.g. it would prove the existence of lepton number violation, that neutrinos are Majorana particles, and it would allow a deep insight into the nature of the neutrino mass generation mechanism.
Low scale seesaw mechanism: If the approximate "lepton number"-like symmetry mentioned above was exact, the full singlet mass matrix (after EW symmetry breaking) including the light and the heavy neutrinos is schematically given by
where for simplicity we consider one pair of sterile neutrinos, which in the exact symmetry limit have a Dirac-type mass M , 1 and where m D = Y ν v EW / √ 2 with Y ν being the neutrino Yukawa coupling matrix that couples the three active neutrinos to the sterile neutrino which carries the same "lepton number".
In order to generate the light neutrino masses, the structure in eq. (1) has to be perturbed. There are two characteristic ways to implement such perturbations, corresponding to two classes of models:
• Linear Seesaw: The perturbation is introduced in the 1-3 (and 3-1) block of the symmetric matrix M ν in eq. (1):
where m D has small entries compared to m D . The symmetry breaking term m D generates masses for all three light neutrinos as well as a splitting ∆M lin between the masses of the two heavy neutrinos.
It can be shown that this mass splitting is predicted in terms of the measured mass squared differences of the light neutrinos, which yields, in the case of normal mass ordering (NO) or inverse mass ordering (IO):
∆m 2 23 = 0.000753 eV(4)
and r = |∆m • Inverse Seesaw: The perturbation is introduced in the 3-3 block of the symmetric matrix M ν in eq. (1):
where µ M violates lepton number and introduces a mass for one of the light neutrinos (which may for instance be the lightest or the heaviest of the light neutrinos) as well as a mass splitting between the two heavy neutrinos.
Since for the minimal case considered here, without loss of generality, one can choose m D , M and µ real and positive, the mass m νi of this light neutrino is (to leading order) related to the squared sum |θ|
2 of the active-sterile mixing angles by
The mass splitting ∆M inv then satisfies
In the following we will use this relation with m νi in the range m νi = 0.1 eV . . . 10 −4 eV to give example values for ∆M inv as a function of |θ| 2 .
2 Heavy neutrino-antineutrino oscillations: When heavy neutrinos are produced from W decays together with charged leptons or antileptons, we refer to them as heavy antineutrinos N or neutrinos N , respectively. When they decay via the charged current, they again produce either a lepton or an antilepton, N → − W + or N → + W − . In the symmetry limit without "lepton number" violation in the mass matrix of eq. (1), i.e. without light neutrino masses, this would imply that processes with the heavy neutrinos at colliders are lepton number conserving (LNC). For instance at proton-proton (pp) colliders, there would be only LNC processes pp → + α − β jj but no lepton number violating (LNV) processes pp → ± α ± β jj. We will focus on these processes as an example in the following, since they can yield an unambiguous sign of LNV at pp colliders.
In the presence of LNV perturbations in the mass matrix of eq. (1) however, also LNV processes pp → ± α ± β jj are possible. One can view these events as stemming from N (or N ) being produced together with a charged antilepton (or lepton) which then oscillates into a N (or N ), decaying into a lepton (or antilepton), finally producing a lepton-number violating final state.
When the heavy neutrinos have sufficiently small decay widths, they can have macroscopic lifetimes such that their decay occurs displaced from the primary vertex, which allows for powerful searches and opens up the possibility to observe the oscillation patterns in the decay spectra. We show in figure 1 for which parameters M and |θ| 2 macroscopic lifetimes are possible.
Due to heavy neutrino-antineutrino oscillations, following [9, 10] , the ratio between LNV and LNC events between times t 1 and t 2 after heavy neutrino production will be referred to as R (t 1 , t 2 ) and is given as: where
t and where Γ is the heavy neutrino decay width. |g − (t)| 2 corresponds to the timedependent probability that a heavy neutrino has oscillated into a heavy antineutrino and vice versa, and |g + (t)| 2 denotes the probability that no oscillation has occurred.
3
From the above formula, we can see that the oscillation period of the heavy neutrinos is given by t osc = 4π ∆M , which yields the following oscillation lengths for the linear and inverse seesaw scenarios in the laboratory system: 
Especially when the Lorentz factor is large, the oscillation length in the laboratory system can be large enough to be resolved in an experiment. The case of linear seesaw with IO looks particularly promising in this context. For observability it is also important that the decay of the heavy neutrinos is sufficiently displaced from the primary vertex (cf. figure 1) .
± α ± β jj and + α − β jj final states.
Potentially observable oscillations:
As an example, we now consider the LHCb experiment and heavy neutrinos with M = 10 GeV, |θ| 2 = 10 −6 , Lorentz factor of γ = 50 (which is typical for these parameters as discussed in [11] ). These parameter values are consistent with the present bounds and within reach of, e.g., the HL phase of the LHC [11] . During the HL phase about 70 events could be detected with displacements between 2 cm and 50 cm from the primary vertex at LHCb.
For the case of light neutrino masses from a low scale linear seesaw mechanism with IO, the results for the fractions of LNV and LNC events, as function of the distance x from the primary vertex, are shown in figure 2 . Our results illustrate that there are promising conditions to measure the signature of heavy neutrino oscillations at LHCb. To confirm this, a proper analysis at the reconstructed level is necessary and left for a future study. In this context we note that in addition to the oscillation pattern in figure 2 , which assumed a fixed Lorentz factor, the distribution of the Lorentz factor has to be taken into account. Results for the distribution can be found in [11] . In such an analysis, it will be important to measure γ for each event and to consider the oscillation pattern as function of time in the proper frame of the heavy neutrinos, where the effect of the γ distribution is corrected for.
We note that for the case of NO of the light neutrino masses the oscillation length is shorter, i.e. 3 mm. This is in principle still resolvable with the LHCb tracking resolution, however we expect the experimental uncertainties to make this more difficult than for the IO case.
For the inverse seesaw case and for the used example parameter point, the oscillations would not be visible since the oscillation length is estimated to be much below the tracking resolution of O(10 −5 ) m. Regarding pp colliders, of course also the FCC-hh [12] would be very promising for testing these signatures with possible much higher γ factors and higher luminosity. Other colliders where signatures of heavy neutrino-antineutrino oscillations could be studied are the electron-proton colliders, e.g. the LHeC [13] or the FCC-eh [14] , since they also provide unambiguous signal processes for LNV (see e.g. [8] ).
Relevance of LNV for collider searches: Due to the approximate "lepton number"-like symmetry it is generally expected that the LNV effects are strongly suppressed. We now quantify under which conditions this statement holds when heavy neutrinoantineutrino oscillations are taken into account, even when the oscillations cannot be resolved experimentally, using the estimates for the mass splittings from Eqs. (3), (4) and Eq. (7) . For this purpose, we consider the ratio R := R (0, ∞) (cf. [9] ) which can be expressed as
We calculate the heavy neutrino decay rate Γ in our benchmark model using WHIZARD [15, 16] . We show, as examples, the range 0.1 ≤ R ≤ 0.9 for the low scale linear and inverse seesaw scenarios in figure 3 . From the figure it can be seen for which parameters M and |θ| 2 sizeable LNV due to heavy neutrinoantineutrino oscillations can occur.
Conclusions:
We have discussed the possibility to observe heavy neutrino-antineutrino oscillations at collider experiments, considering low scale seesaw models with a protective "lepton number"-like symmetry. We showed that the linear and inverse low scale seesaw scenarios naturally feature almost degenerate heavy neutrino masses which can give rise to oscillation lengths in the centimeter range. Especially for the linear seesaw case, the oscillation time (in the proper frame) is fixed by the measured light neutrinos' squared mass differences and is thus a prediction that is different for the two orderings. We focused on signatures of the heavy neutrinoantineutrino oscillations via the processes pp → jj, which result in an oscillating pattern between LNV and LNC dilepton events, i.e. an oscillatory distribution of same-sign and opposite-sign dilepton events. We have shown that for the linear seesaw case, the predicted oscillation length can lead to observable oscillation signatures at the LHCb. We note that also various other processes can be used to probe heavy neutrino-antineutrino oscillations. Examples are the trilepton final state at the LHC [17, 18] and basically all final states that feature an unambiguous signal for LNV (for a summary see [8] ).
When the heavy neutrino-antineutrino oscillations are fast, such that they are not resolvable experimentally, they can nevertheless give rise to LNV events at colliders. For heavy neutrino masses below the W boson mass, where the HL-LHC and all planned future collider experiments are expected to have best sensitivity (cf. [8] ), parameter regions where LNV signals are relevant can be reached. For masses above the W boson mass, only for the inverse seesaw estimate we expect that LNV is potentially observable at the currently planned future colliders, while for the linear seesaw it is safe to assume LNC.
In conclusion, the observation of resolved heavy neutrino-antineutrino oscillations would allow a deep insight into the nature of the neutrino mass generation mechanism: The determination of the oscillation length allows to infer the small heavy neutrinos' mass splitting, which can allow to distinguish the linear and inverse low scale seesaw scenarios. Furthermore, it provides a unique way to identify normal or inverse mass ordering of the light neutrinos due to its predicted oscillation time in the linear low scale seesaw scenario.
